ABSTRACT This study was designed to determine the effect of electrical stunning variables (low currents and high frequencies) on meat quality, glycolytic potential, and blood parameters in broilers. A total of 54 broilers were stunned with 9 electrical stunning methods for 18 s using sinusoidal alternating currents combining 3 current levels (35 V, 47 mA; 50 V, 67 mA; and 65 V, 86 mA) with 3 frequencies (160, 400, and 1,000 Hz). Samples for meat quality were obtained from the pectoralis major (PM) and musculus iliofibularis (MI), and samples for glycogen metabolism were taken from the PM and tibialis anterior muscle at 45 min postmortem. The use of high frequency reduced the shear value in PM (400 and 1,000 Hz vs. 160 Hz; P < 0.01) and cooking loss in MI (1,000 Hz vs. 160 and 400 Hz; P < 0.01). The shear value of PM decreased at high frequency (400 and 1,000 Hz) when current was high (50 V, 67 mA and 65 V, 86 mA; P < 0.01) but increased at high frequency (1,000 Hz) when current was low (35 V, 47 mA). Stunning with 1,000 Hz (vs. 160 Hz) caused low glycogen and glycolytic potential in PM (P < 0.05). Plasma corticosterone decreased (P < 0.05) at high currents (≥50 V, 67 mA) but was not affected by changes in frequency. Electrical current interacted with frequency in plasma glucose, redness 24 h postmortem, shear value (PM), pH 24 h postmortem (MI), and glycolytic potential (tibialis anterior; P < 0.05). This study indicated that high stunning frequencies (400 and 1,000 Hz) may improve meat quality without aggregating stress when the current was not too low (>50 V, 67 mA).
INTRODUCTION
Recently, low current (voltage or amperage) or high frequency electrical stunning (ES) has been reported to be of some advantage in poultry product quality. On one hand, stunning poultry with low current improves bleeding efficiency, carcass quality (Ali et al., 2007) , meat color (Ahn et al., 2003) , and meat tenderness (Dickens and Lyon, 1993; . On the other hand, high stunning frequencies (500, 1,400, or 1,500 Hz) remarkably improve carcass quality and, in particular, decrease breast muscle hemorrhaging in broilers (Wilkins et al., 1998) and turkeys (Wilkins et al., 1999; Wilkins and Wotton, 2002) . When both low current and high frequency were used (e.g., 40 V and 1,000 Hz), broilers show the highest blood loss and the fewest carcass defects (Contreras and Beraquet, 2001) .
Besides meat quality, animal welfare is another concern for preslaughter stunning of chickens. The effect of stunning on poultry welfare was previously evaluated based on physical responses (behavior, heart, or brain activity). Recently, it was shown that preslaughter stress of animals was related to muscle glycolytic potential (GP; Hambrecht et al., 2004) and can be reflected in the change of blood parameters (Hänsch et al., 2009) . In turn, blood parameters (Young et al., 2003; Gao et al., 2008) and GP (Berri et al., 2001; Hambrecht et al., 2004; Bertol et al., 2005; Choe et al., 2008) can ultimately affect the meat quality after death. Thus, detecting changes in blood parameters and GP may provide some clues to the effects of ES variables on animal welfare and meat quality.
Although low currents and high frequencies have some advantages with regard to carcass quality, how these variables work together to affect meat quality and animal welfare were unknown. The present study was conducted to determine the effect of low current and high frequency variables on meat quality, blood parameters, and GP in broilers.
MATERIALS AND METHODS

Birds and Housing
Arbor Acres broilers (male, n = 300) were raised from 1 d of age until slaughter (49 d) in the chicken facility of our institute. Management was carried out according to Aviagen Group (2009) . Water and feed were provided ad libitum until capture 20 min before stunning. All experimental procedures were approved by the Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences.
Stunning System
Electrical current (sinusoidal alternating current; AC) was produced from a low frequency generator (FJ-XD7 PS, Applying Technique Institute, Fuyang, Anhui Province, China). Required current and frequency combinations could be obtained through adjusting the generator. One electrode was connected to the steel shackle, and the other was connected to the electrode plate, which was placed into the water bathing flume (1% sodium chloride). This circuit allowed the current to flow through the feet, heart, and head of each broiler. The voltages and amperages were measured with a general multimeter before each stunning time. The electricity was shut off immediately after stunning and each bird was removed and slaughtered within 15 s.
Stunning Procedure
A 3 × 3 factorial design was applied, which contained 9 treatments with 3 low current levels (35 V, 47 mA; 50 V, 67 mA; and 65 V, 86 mA) and 3 high frequency levels (160, 400, 1,000 Hz) as shown in Table 1 . On d 49, birds weighing 2.50 ± 0.25 kg were selected and randomly divided into 9 groups. When certain variable values were well adjusted and measured, each individual bird was randomly chosen to stun in the water bath for 18 s. Each treatment was replicated 6 times with 1 bird in each replicate; birds were adequately stunned (no response to comb piercing). Exsanguination was performed within 15 s after stunning by severing the jugular vein and carotid artery on one side of the neck to allow bleeding for 180 s.
Sampling
Blood samples (5 mL) were collected in duplicate in heparinized centrifuge tubes during bleeding from the jugular vein and carotid artery and cooled in ice water. One portion of the samples was immediately tested for blood pH. The other portion was centrifuged for 10 min at 1,800 × g (4°C), and the plasma was stored at −20°C until the analysis of plasma corticosterone and glucose. Birds were skinned and meat samples were taken within 45 min at ambient temperature. All samples for meat quality parameters were stored at 4°C until analysis.
Muscles of pectoralis major (PM) and musculus iliofibularis (MI) were taken from the left side of the carcass to measure meat color and muscle pH. The PM and MI (together with its ventral muscles, ≥30.0 g) from the right side of the carcass were obtained to measure drip loss, cooking loss, and shear value. Samples of PM and tibialis anterior (TA) muscle from the left side of the carcass were taken (about 5 g), quickly frozen in liquid nitrogen, and stored at −80°C until analysis of GP.
Measurements
Plasma Parameters. Blood pH was measured with a calibrated waterproof pH meter (pH Spear, Eutech Instruments PTE Ltd., Singapore). Blood pH was measured with the pH meter directly immersed in the fresh blood. Plasma glucose and corticosterone were analyzed according to Zhang et al. (2009) .
Muscle pH. Muscle pH of 45 min and 24 h postmortem were determined with a waterproof pH meter equipped with a spear tip probe (the same one used for plasma pH) after calibration. Each sample was measured in triplicate at different locations within the muscle and the average value was taken as the final result.
Meat Color. Meat color was measured in duplicate with a Chroma Meter CR-300 (Minolta, Osaka, Japan). The CIE Lab system values of lightness (L*), redness (a*), and yellowness (b*) were recorded at 45 min and 24 h postmortem according to the manufacturer's instructions.
Drip Loss. Samples from the right PM and MI were weighed and trimmed into fillets with a weight of 30 ± 1.5 g in PM and 25 ± 1.0 g in MI immediately after sampling. They were then stored at 4°C for 24 h and reweighed. Drip loss at 24 h postmortem was expressed as the percentage of initial weight.
Cooking Loss. The meat samples of both PM and MI were dried and weighed (W 1 ) 24 h (4°C) after measuring the drip loss. Samples were put in new zip-sealed polyethylene bags, cooked in a water bath of 85°C for 20 min (end-point temperature of 80°C), cooled in running water to ambient temperature, and then dried and After testing the cooking loss, the cooked meat was stored at 4°C for 24 h and then used for shear value (72 h postmortem) measurement with the Warner-Bratzler shear method. Each sample was equally divided into 2 strips (1 × 4 cm), and each strip was cut 4 times. The average mean of the 8 cuts was taken as the final result for 1 meat sample.
GP. Muscle lactate and glycogen were determined according to the procedures of Zhang et al. (2009) , which were modified from the methods of Monin and Sellier (1985) and Hambrecht et al. (2005) . The GP was calculated as follows: GP = 2 × (glycogen + glucose + glucose-6-phosphate) + lactic acid (Monin and Sellier, 1985) . The concentrations of muscle glucose-6-phosphate and glucose were included in the glycogen determination, and GP was calculated as the sum of 2 × glycogen + lactate (Hambrecht et al., 2005; Zhang et al., 2009 ).
Statistical Analysis
All data were analyzed as a 3 × 3 factorial arrangement (current × frequency) using the GLM procedure of SAS version 8.02 (SAS Institute, 2001 ) with each chicken as a replicate. The model included the main effects of current level, frequency level, and the current × frequency interaction. Means of stunning current and frequency were classified by Duncan's multiple comparisons. Significant differences among the 9 treatments were separated by Fisher's least significant difference multiple range test. The significance levels were defined as P < 0.05 unless stated otherwise.
RESULTS
Plasma Parameters
Effects of stunning variables on plasma pH, corticosterone, and glucose parameters in broilers are shown in Table 2 . The concentration of plasma corticosterone decreased (P < 0.05) under high stunning current (50 V, 67 mA and 65 V, 86 mA) compared with low current (35 V, 47 mA). However, stunning frequency had no significant effect on plasma corticosterone even if the average value slightly increased using high frequencies (400 and 1,000 Hz; P > 0.05). The current interacted with frequency in the plasma glucose (P < 0.01) and led to similar concentrations among different currents or frequencies (P > 0.05). Plasma pH was not affected by ES variables (P > 0.05).
The effects of stunning treatments on plasma parameters are shown in Table 3 . Within a certain level of current (35 V, 47 mA; 50 V, 67 mA; or 65 V, 86 mA), the corticosterone level was not affected by the frequency (P > 0.05). Among all the treatments, the minimum corticosterone concentration (39.1 ng/mL) was identified in group ES7 (see Table 1 for group definitions), in which the highest current (65 V, 86 mA) and the lowest frequency (160 Hz) was used. In contrast, the maximum corticosterone concentration (46.3 and 47.5 ng/ mL) appeared in groups ES2 and ES3, in which both the lowest current and the highest frequencies (400 and 1,000 Hz) were used. Treatments ES2 and ES6 resulted in higher plasma glucose than treatments ES3 and ES8 (P < 0.05). Plasma pH was not affected by ES treatments (P > 0.05).
Meat Quality
Effects of stunning variables on the meat texture and meat yields of broilers are shown in Table 4 . The 65 V, 86 mA current slightly decreased shear value (P < 0.05) in PM meat and drip loss (P < 0.01) in MI meat compared with 50 V, 67 mA. Shear value in PM (400 and 1,000 Hz vs. 160 Hz) and cooking loss in MI (1,000 Hz vs. 160 and 400 Hz; P < 0.01) were decreased by high frequencies. Drip loss and cooking loss in PM were not affected by stunning variables (P > 0.05).
Effects of ES treatments on meat texture and meat yield are presented in Table 5 . Shear value in PM was increased in the 1,000 Hz group (P < 0.01) when current was low (35 V, 47 mA). When current was higher (≥50 V, 67 mA), the shear value decreased at high frequency (400 and 1,000 Hz; P < 0.01). Unlike the shear value of PM, cooking loss in MI was decreased at the highest frequency (1,000 Hz) at both low and high current levels (P < 0.01). Of all 9 treatments, shear values were lower in treatments ES1, ES2, ES5, ES6, ES8, and ES9 than in treatments ES3, ES4, and ES7 in PM muscle (P < 0.01). Cooking loss in MI was lower in treatments ES3 and ES9 than in treatments ES2, ES5, and ES7 (P < 0.01). Stunning with 65 V, 86 mA, and1,000 Hz (treatment ES9) resulted in the minimum shear value of PM (P < 0.01) and cooking loss in MI (P < 0.01) among the 9 treatments. Interactions between current and frequency were found on shear value (P < 0.01).
The effects of stunning currents or frequencies on the meat color and meat pH were not significant ( Table 6 ), except that a slightly lower b* value occurred at 65 V, 86 mA in MI compared with other currents at 24 h postmortem (P < 0.05). Interactions were found between current and frequency on a* 24 h postmortem in PM (P < 0.05) and ultimate pH (pH 24 h postmortem) in MI (P < 0.05). Meat color was slightly affected by stunning treatment (Table 7) , with treatments ES1 and ES9 exhibiting slightly lower a* (24 h) values in PM compared with treatments ES2, ES4, and ES8 (P = 0.06).
GP
Glycogen metabolism at 45 min postmortem was affected by stunning currents and frequencies (Table 8) . Stunning with low frequency increased residual glycogen and GP value in breast muscle (160 Hz vs. 400 and 1,000 Hz; P < 0.01). In leg muscle (TA), glycogen and GP values were increased in broilers stunned with 160 and 1,000 Hz compared with those stunned with 400 Hz (P < 0.01). Muscle glycogen (P < 0.01), lactate (P = 0.06), and GP (P < 0.01) were the highest in leg muscle of 65 V, 86 mA and 160 Hz groups; the lowest glycogen and GP of leg muscle appeared in the 35 V, 47 mA and 400 Hz groups. Stunning current interacted with frequency in glycogen (P = 0.09) and GP (P < 0.01) of leg muscle.
The effects of stunning treatments on GP of both breast and leg muscles are shown in Table 9 . At the currents of 35 V, 47 mA and 50 V, 67 mA, 400 Hz tended to have lower glycogen in breast muscle compared with 160 and 1,000 Hz (P < 0.05). When the current was 65 V, 86 mA, muscle glycogen, lactate, and GP tended to decrease as the frequency increased from 160 to 1,000 Hz in both breast and leg muscles. No consistent difference was observed in other glycolytic parameters at 45 min postmortem among the 9 treatments.
DISCUSSION
As a sensitive parameter to preslaughter stunning stress of broilers (Bedanova et al., 2007; Hänsch et al., 2009) , plasma corticosterone was significantly upregulated in the 35 V, 47 mA groups compared with the other groups, indicating that stunning with the lowest current was stressful to broilers. The current study is in agreement with previous studies that low voltage or amperage (Gregory and Wotton, 1986; Contreras and Beraquet, 2001; Raj, 2006) have lower efficiency to induce unconsciousness, and ES may cause pain to the chicken if the stunning current is too low (von Wenzlawowicz and von Holleben, 2001) . When the lowest current was combined with high frequencies (35 V, 47 mA and 400 or 1,000 Hz), birds suffered the most severe stress as reflected by the maximum plasma corticosterone (46.3 and 47.5 ng/mL). In contrast, the minimum corticosterone (39.1 ng/mL) was found in the treatment that had the highest current and the lowest stunning frequency (65 V, 86 mA and 160 Hz). The combination of low current with high frequency may reduce stunning efficiency, causing more stress to broilers. This hypothesis was supported by the study from Nowak et al. (2007) that showed that low stunning efficiency coincided with high stunning stress in pigs. Therefore, stunning with 35 V, 47 mA was more stressful to broilers than stunning with higher currents. At this current, higher frequencies aggravated stress to broilers. The present study shows that high frequencies reduced the shear value of PM (400 and 1,000 Hz vs. 160 Hz) and cooking loss of MI (1,000 Hz vs. 400 and 160 Hz). Similarly, studies showed that high frequencies improve the liver quality of geese (Turcsán et al., 2003) and decrease breast hemorrhaging of turkeys and broilers (Wilkins et al., 1998 (Wilkins et al., , 1999 Wilkins and Wotton, 2002) or reduce shear value compared with no stunning (Contreras and Beraquet, 2001 ). However, Sante et al. (2000) studied meat cured with nitrited salt and observed a higher cooking loss in groups stunned at higher frequency.
Product quality could be improved by stunning with low voltage (e.g., 50 vs. 200 V; Dickens and Lyon, 1993) or low amperage (e.g., 50 vs. 125 mA; or a combination of these settings (40 V and 30 to 50 mA; Contreras and Beraquet, 2001 ). In the present study, all broilers were stunned using relatively low currents ranging from 35 V, 47 mA to 65 V, 86 mA, which may have potential to improve carcass quality. Each current level was combined with 3 high frequency levels. Thus, for any stunning current, the effects of different frequencies were also calculated under inverse conditions. Moreover, all meat samples were hot boned (45 min postmortem) in the present study. The middle level current (50 V, 67 mA) resulted in the highest shear value in PM and the highest drip loss as well as the highest b* 24 h postmortem in MI compared with the other 2 stunning currents. However, moderate stunning (53 to 63 V, AC) is reported to produce the best carcass quality compared with either low (0 to 23 (Ali et al., 2007) . The present study also differed from Ahn et al. (2003) , who reported no difference in shear value, drip loss, or 24 h b* between stunning at 50 and 65 V. The effect of varying currents was calculated in combination with 3 stunning frequencies in the present study; thus, the inconsistency between previous studies and the current study may be attributed to the interactions between current and frequency. Stunning with high frequency (1,000 Hz) seemed to improve cooking yield of MI at both low and high current levels, whereas frequency levels influenced shear value differently at various currents. Shear value was increased by the increase in frequency when the stunning current was very low (35 V, 47 mA). The low stunning frequency along with the high current resulted in higher residual adenosine triphosphate in early postmortem examination (Sante et al., 2000) , causing stronger muscle contraction at deboning and resulting in tougher meat. Stunning stress decreased when the stunning currents were increased to 50 V, 67 mA or 65 V, 86 mA, and higher stunning frequency (400 and 1,000 Hz) decreased the shear value of PM at these current levels. Among the 9 ES groups, the high current and high frequency group (65 V, 86 mA and 1,000 Hz) resulted in superior meat quality with the lowest PM toughness and the highest cooking yield in MI. But meat quality differences were not consistent among other treatments. Previous studies showed that the induction of unconsciousness in broilers could be reduced by either low current or high frequency (Beyssen et al., 2004; Raj and O'Callaghan, 2004; Raj, 2006) . With regard to animal welfare and meat quality, the combination of very low current with high frequency should be avoided. Stunning broilers with high frequency (1,000 Hz) was beneficial for both cooking yield and meat texture when the current was no less than 50 V, 67 mA.
Interactions (current × frequency) produced similar values among stunning currents in a* 24 h postmortem and ultimate pH (PM and MI) and resulted in the high- est shear value (PM), drip loss, and b* 24 h postmortem (MI) at the 50 V, 67 mA level. Color development and color stability are largely affected by the degree of preslaughter stress and its influence on early postmortem temperature rather than on early postmortem pH (Rosenvold and Andersen, 2003) . Interactions led to a slight difference in plasma glucose of different stunning treatments, whereas glucose concentration was not related to stress or meat quality. Interactions between current and frequency were also found to affect the stunning efficiency in poultry (Raj and O'Callaghan, 2004) . In the present study, birds with a maximum corticosterone exhibited only moderate shear value and b*, showing no clear relationship between meat quality and plasma corticosterone. This result is in agreement with the study by Lin et al. (2007) , which reported that a short-term increase of circulating corticosterone is not involved in the increased drip loss induced by preslaughter stress. However, the preslaughter circulating corticosterone concentration was reported to affect the onset of rigor mortis and meat quality in other cases when corticosterone level was increased by crating and transport (Kannan et al., 1998) or artificial administration of corticosterone (Kannan et al., 1998; Gao et al., 2008) .
Muscle glycogen reservation at the moment of death is reflected as GP (Monin and Sellier, 1985) . Previous studies showed that high GP was associated with faster pH decline, low ultimate pH (Berri et al., 2001; Bertol et al., 2005) , and high drip loss and L* in meat (Hambrecht et al., 2004) . In breast muscle, the lowest GP value was associated with a low shear value and a* in breast meat in treatment ES9 (65 V, 86 mA and 1,000 Hz). Similarly, low GP is related to reduced shear value and improved meat tenderness in pork (Miller et al., 2000) . Similar to , only a minor relationship was found between the variation in meat quality and GP in the present study. Another study found no significant effect on GP in ducks or geese stunned by different methods (Fernandez et al., 2010) . High GP was also observed in pigs exposed to high preslaughter stress (Hambrecht et al., 2004) . However, no significant relationship was observed between the stunning stress and GP in the present study because the change of GP was not consistent between breast muscle and leg muscle.
High glycogen and lactate concentrations led to a high shear value in broilers stunned with 160 Hz, similar to the findings by Choe et al. (2008) , who observed that high glycogen along with high lactate content was related to increased glycolytic rate, meat paleness, and drip loss. Glycogen concentrations were reduced after stunning with high frequencies (400 and 1,000 Hz) in both PM and TA, showing a fast exhaustion of glycogen at early postmortem examination. Similarly, Sante et al. (2000) observed residual glycogen was decreased with high frequencies (480 and 600 Hz). In the present study, high lactate content was accompanied with high glycogen levels in the 65 V, 86 mA (leg) and 160 Hz (breast) groups, indicating that a fast glycolytic rate may occur in the muscles during stunning and slaughter (before death). Previously, lactate was reported to be increased in turkeys stunned with high frequency (Sante et al., 2000) or affected by different stunning types (mechanical, head-only electrical stunning, and gas stunning) in ducks and geese (Fernandez et al., 2010) .
The present study suggested that stunning broilers with high frequency or the combination of high current and high frequency (65 V, 86 mA and 1,000 Hz) decreased cooking loss and shear value. However, the change in meat quality was only partially explained by muscle GP, lactate, and glycogen. A low stunning current level (35 V, 47 mA) may be stressful to broilers compared with high current levels (50 V, 67 mA or 65 V, 86 mA), as reflected by an increased level of plasma corticosterone. Stunning broilers with very low current (35 V, 47 mA) may compromise animal welfare and meat quality when high frequency (400 or 1,000 Hz) was used. In conclusion, high stunning frequencies (400 and 1,000 Hz) have potential to improve meat quality without aggregating stress when the current level is not too low (≥50 V, 67 mA). 
